An extended medium driven in a double Raman configuration generates Stokes and anti-Stokes fields that are described by coupled parametric oscillator equations with solutions that depend on input boundary operators and quantum noise operators. We identify the conditions where the boundary operators can be the substitute to the noise operators for describing two-photon cross correlation in forward and backward geometries. These conditions include short sample and small decoherence between ground states ␥ bc , and they are fulfilled by the spontaneous Raman electromagnetic induced transparency scheme ͑weak pump with large detuning͒. We verify the correspondence between the results from boundary and noise operators analytically and show that the correlation due to the boundary operators is typically smaller than that due to the noise operators. In general the noise operators are required to obtain the correct correlation, especially when the control laser field is weak and ␥ bc is finite. Explanations for the findings are given based on the physics represented by the boundary operators and noise operators. Similar conclusions are obtained for the Stokes and anti-Stokes intensities.
I. INTRODUCTION
In the previous paper I ͑Ref. ͓1͔͒, we have derived analytical expressions for two-photon correlations for a double Raman scheme with counterpropagating ͑backward͒ geometry and showed that the cross correlation of anti-Stokes to Stokes photons G as ͑2͒ computed using both noise operators and boundary operators is able to give good quantitative agreement with experimental data of Ref. ͓2͔ . Here, we extend the theory to copropagating ͑forward͒ geometry ͓Fig. 1͑a͔͒ and focus on comparing the results using the boundary operators and those using the noise operators. Theory which neglects the noise operators ͓3͔, has been widely used for studying the generation of photon pairs in parametric amplifiers ͓4͔, Raman schemes ͓5͔, and optical fibers ͓6͔. This simpler theoretical approach is an approximation which avoids all the complications associated with the noise operators. Recent interests in the generation of entangled photon pairs for quantum communications have spurred a lot of works on parametric amplifiers based on the ͑2͒ parametric process. Although it is not always possible to neglect the noise operators, many literature and works have employed the noiseless approach to describe a variety of quantum phenomena ͓7͔, such as the generation of squeezed light ͓8͔ and entangled states. Proper theoretical study of quantum correlation in the amplifier which includes quantum noise and spatial propagation is desirable, particularly for determining the role of quantum noise and the validity of the semiclassical theory.
We will show that the extensively used semiclassical theory does not, in general, give the correct correlation profile for an extended medium ͑length L͒ composed of many atoms ͑with number density N͒ in the Raman-EIT ͑electro-magnetic induced transparency͒ scheme ͓Fig. 1͑a͔͒ especially when decoherence ␥ bc between levels b and c is finite or the optical density NL is large, where is the scattering cross section for the anti-Stokes. The situations for its validity are summarized in Fig. 1͑b͒ . Only for certain parameters, particularly when ␥ bc = 0 and NL is small, qualitatively correct correlation can be obtained without the noise operators, but simply using the boundary operators with the commutation relation of the field at the boundary. The results will be verified analytically and the underlying physical reasons will be explained. Contrary to usual expectations, the contribution of the noise operators to the correlation is typically larger than that of boundary operators, especially for large optical density. We use the quantum Heisenberg-Langevin-Maxwell theory ͓1͔ to study the effects of quantum interference ͑via resonant control field͒, decoherence, and propagation ͑via optical density͒ on the role of noise operators and the nonclassical properties of photon pairs.
II. PARAMETRIC EQUATIONS FOR FORWARD GEOMETRY
The coupled parametric equations for forward geometry ͑copropagating Stokes and anti-Stokes͒ are ͓1͔ ͩ ‫ץ‬ ‫ץ‬z
with the effective noise operators
where Ŝ = g s Ê s and Â = g a Ê a for the Stokes Ê s and anti-Stokes fields Ê a , respectively, with g s = P db / ប and g a = P ac / ប as the coupling strengths; Ĝ x = ͐ −ϱ ϱ ͓e i x ͑z,t͒ F x ͑z , t͔͒e it dt ͑x = ac , ad , bc , bd͒ are the Fourier transforms of the noise operators in the Heisenberg-Langevin equations with x ͑z , t͒ = k x z − x t as the rapid varying phases. The microscopic expressions for G s , K s , G a , K a , M x , and N x in Eqs. ͑1͒-͑3͒, are given in Appendix A.
The coupled equations are the same as for backward geometry except that ‫ץ‬ ր ‫ץ‬z appears in Eq. ͑2͒ instead of − ‫ץ‬ ‫ץ‬z . The effective noise operators F s and F a † are the quantum seeds or driving "forces" to both fields due to quantum fluctuations of atomic ensembles in the extended medium. As we shall see, it incorporates dissipations via fluctuationdissipation theorem and the Einstein's relation ͓9͔.
For a sufficiently short sample, the spatial derivative in Eqs. ͑1͒ and ͑2͒ is negligible. These equations become identical to the familiar form
used to describe single mode linear amplifier ͓10͔, and the input-output theory by Walls and Milburn ͓11͔, and Gardiner ͓12͔. Here, the "input operator" â in plays the role of the noise operator and it satisfies the commutation relation for bosons. Of course, the solution of Eq. ͑4͒ would not contain any boundary operator. In vacuum, the input source ͱ ␥â in ͑t͒ serves as the quantum seed.
III. SOLUTIONS OF COUPLED EQUATIONS FOR OPERATORS
The general solutions of Eqs. ͑1͒ and ͑2͒ are composed of two parts as
where f = s ͑Stokes͒, a ͑anti-Stokes͒. The term B f contains the boundary operators Ê s ͑z =0,͒ and Ê a † ͑z =0,͒, and N f contains the noise operators as shown in Eq. ͑3͒. The physical significance of the operators is summarized in Fig. 1͑c͒ . Those combined solutions include the laser fields to all orders and finite populations in upper levels beyond the adiabatic approximation. Solutions without N f are considered as semiclassical. We compare the cross correlation computed from the solutions with the noise operators, solutions without the noise operators, and solutions with both noise and boundary operators.
A. Noise parts
The noise parts in the solutions, i.e., N s ͑L , ͒ and N a † ͑L , ͒ are written as convoluted spatial integrals of the noise operators
with the response functions to the noise sources F s and F a † that are spatially nonlocal •input (vacuum ) fields 
where = L − z. The spatially dependent oscillatory functions are
with q ± = ␣ + ± ␤, ␣ + = 1 2 ͑G a + G s ͒ as the total gain ͑loss͒ and
governs the oscillation strength. In Eqs. ͑6͒ and ͑7͒, the quantum noise operators act as the seeds for the amplified quantum fields Ê f . Please note that the coefficients q ± depend on the coupling constants g f . Thus, in the limit of small sample length q + x → 0, the solutions Eqs. ͑6͒ and ͑7͒ become independent of g f and hence the dipole matrix elements.
B. Boundary parts
The B s ͑L , ͒ and B a ͑L , ͒ are the solutions of Eqs. ͑1͒ and ͑2͒ at the output boundary z = L, do not depend on the noise operators, and they are expressed as a combination of the boundary input operators or vacuum field operators Ê s ͑0,͒ and Ê a † ͑0,͒,
where
The solution B s ͑L , ͒ contains the cross seeding antiStokes operator at the boundary Ê a † ͑0,͒ in addition to the Stokes Ê s ͑0,͒, and similarly for the solution of the antiStokes field operator. In the semiclassical solutions, the noise operators are neglected and the boundary field operators become the necessary seeds for the buildup of both the Stokes and anti-Stokes signals.
C. Field commutation relation for vacuum fields
The macroscopic quantum field can be expanded in terms of normal modes u f ͑z , ͒,
are the normal mode functions. The first term is the solution of the homogenous coupled equations ͑without noise operators͒ and S͑z , ͒ is the part of the solution due to the noise source. At the input boundary z = 0, it is clear that S͑0,͒ = 0. Thus, we have the normal and antinormal products for the boundary operators,
which gives the commutation relation for vacuum fields where n f = ͑e ␤ប f −1͒ −1 . In the experiment of Harris ͓14͔, T = 150 K corresponds to n f Ӎ 0 and only the antinormal ordered term is finite.
D. Noise solutions for short sample
We show the connection between the solutions with noise operators and with boundary operators. The key point is the same functional form of the noise coefficients in Eqs. ͑6͒ and ͑7͒ and the boundary coefficients in Eqs. ͑14͒ and ͑15͒ ͓15͔. In the limit of short sample Lq ± Ͻ Ͻ1, the nonlocal spatial dependence can be neglected, i.e.,
The g f coefficients in the solutions with noise operators are approximately local and can be factorized out from the spatial integrations
͑23͒ Now, we see that Eqs. ͑22͒ and ͑23͒ are of the same form as Eqs. ͑14͒ and ͑15͒, with ͐ 0 L F f ͑z , ͒dz in place of Ê f ͑0,͒. Even when the two terms ͑input field and noise parts͒ are of the same form, they may be very different numerically.
E. Atomic commutation relation for noise operators
From the similarity between the solutions with the boundary operators ͓Eqs. ͑14͒ and ͑15͔͒ and the solutions with the noise operators ͓Eqs. ͑22͒ and ͑23͔͒, it is tempting to ask whether the commutations
and hence
is the atomic noise commutation relation which relates quantum fluctuations and dissipations of atomic ensembles. The commutation relation is of the same form as the field commutation relation Eq. ͑20͒ for the boundary operators ͓Ê f ͑0,͒ , Ê f † ͑0,Ј͔͒ = C f ␦͑ − Ј͒. But we cannot conclude that the solutions with the noise operators are identical to the solutions with boundary operators unless the dependence in C f int ͑͒ becomes unimportant, as we show in Sec. V C.
IV. TWO-PHOTON CORRELATION
We now use the solutions for the field operators, Eqs. ͑5͒-͑7͒, ͑14͒, and ͑15͒ to compute the cross correlations between the Stokes and anti-Stokes fields G as ͑2͒ and G sa ͑2͒ , and the self-correlations G ss ͑2͒ and G aa ͑2͒ .
A. Correlation due to thermal radiation
First, let us compute the correlation of the radiation in the thermal background without the atomic medium. The correlation can be calculated as
−1 is the mean number of photons in mode k. We find that the multimode thermal radiation is also super-Poissonian with normalized correlation g the ͑2͒ ͑0͒
= 2 and bunching g the ͑2͒ ͑͒ Ͻ 2, in contrast to the single mode thermal state where g the ͑2͒ ͑͒ = 2 for all .
However, the quantity of interest to experiment is the twophoton cross-correlation function G as
which quantifies to what extent the macroscopic anti-Stokes field is correlated to the preceding macroscopic Stokes field. The contribution of the thermal background to the correlation is taken care of by the solutions Eqs. ͑14͒ and ͑15͒. This can be seen by omitting the noise contribution to Eqs. ͑16͒ and ͑17͒,
By using the fact that the two modes are independent ͗a s † a a ͘ = 0 we have
which is independent of delay since the thermal photons at Stokes and anti-Stokes frequencies are independent. Therefore, the normalized correlation corresponds to a coherent state g 0 ͑2͒ ͑͒ = 1, which is different from g the ͑2͒ . Thus, the correlation defined by Eq. ͑28͒ does not include the correlation of the thermal photons in the background. This is fine since we are only interested in the effects of thermal photons through the interaction with atomic medium and not through direct detection.
B. Correlations with only boundary operators
The solutions without noise operators Eqs. ͑14͒ and ͑15͒ give the two-photon cross-correlation function
and similarly the reverse correlation
The cross-correlation amplitude ͗B a ͑L , ͒B s ͑L͒͘, reversecorrelation amplitude ͗B s ͑L , ͒B a ͑L͒͘, and intensities I f b ͑L͒ are obtained by straightforward calculations using the solutions Eqs. ͑14͒ and ͑15͒, the commutation relation Eq. ͑20͒, and the inverse Fourier transforms ͑
Those expressions are given by
͑32͒
where n f = ͑e ␤ប f −1͒ −1 ͑f = s , a͒ are the mean photon numbers and I f b ͑L͒ = I s b ͑L , =0͒ are obtained from the self-correlation amplitudes
The finiteness of the correlation amplitudes in Eqs. ͑31͒ and ͑32͒ is due to the noncommutivity of the input Stokes and anti-Stokes operators at the boundary, i.e., via C f . In the absence of thermal photons n f = 0, Eq. ͑31͒ depends only on a s ͑L , ͒ and a a ͑L , ͒. So, the cross correlation in G as ͑2͒b is attributed to the boundary operator Ê a ͑0,͒ for the antiStokes. By the same arguments, the reverse correlation in G sa ͑2͒b is due to the boundary operator Ê s ͑0,͒ for the Stokes.
Equations ͑29͒ and ͑30͒ are used to compute the normalized correlations g as͑sa͒
Figs. 2-4.
C. Correlations with only noise operators
The cross and reverse correlations due to the noise operators alone are defined like Eqs. ͑29͒ and ͑30͒, respectively, except that B is replaced by N , 
with the phase mismatch ⌬k and the intensities I f n ͑L͒ = I f n ͑L , =0͒ are obtained from the self-correlation amplitudes for single Raman-EIT atom, ͑ii͒ extended medium in forward geometry without decoherence ␥ bc = 0, and ͑iii͒ extended medium in forward geometry with decoherence ␥ bc = 0.6␥ ac . The normalized correlation g as
͑L͒ is obtained with a commutation relation for the operator at boundary but without the noise operator and g as ͑2͒n = G as ͑2͒n ͑L , ͒ / I s ͑L͒I a ͑L͒ is obtained with only noise operators and no zero boundary operators. Other parameters are ⌬ = −7.5␥ ac , ⍀ p = 0.2␥ ac , and NL = 0.528 ͑L = 1.5 mm and N =8ϫ 10 16 m −3 ͒. As the control field increases from ͑a͒ ⍀ c = ␥ ac to ͑b͒ ⍀ c = 4.2␥ ac , the correlation with the boundary operator gives the correct result, in close quantitative agreement with the normalized correlation using only noise operators.
where x , xЈ = ac , ad , bc , bd. The expressions for 2D x,x Ј n͑an͒ ͑z , t͒ 
Equations ͑35͒-͑44͒ imply that the amplified quantum fluctuations contribute to the two-photon correlation via the diffusion coefficients.
The C x f coefficients ͑f = s , a͒ in Eqs. ͑41͒-͑44͒ are defined as
with M x ͑͒ and N x ͑͒ given by Eqs. ͑A5͒ and ͑A6͒. The adjoint of Eq. ͑37͒ can also be expressed in an alternative form and the self-correlations
The normalized total correlations that include both the boundary and noise operators can be computed from
V. CORRESPONDENCE BETWEEN BOUNDARY AND NOISE PARTS
In the limit where the decoherence vanishes ␥ bc → 0, large control field ⍀ c , and sufficiently short sample q ± L Ӷ 1 ͑q ± ϳ ␣ a ϳ g a a / ␥ ac ϳ N /2͒, Fig. 2 shows that the normalized correlation g as ͑2͒ for the Raman-EIT scheme computed with boundary operators and with noise operators are in excellent quantitative agreement. This motivates further analysis to understand such a correspondence.
A. Identical correlation for Raman-EIT and short sample
Here, we show that the correlation Eq. ͑35͒ obtained using the noise operators is also identical to the correlation Eq. ͑29͒ obtained using the boundary operators. For the present ͑Raman-EIT͒ scheme, the parameters correspond to the off- 
Note that for ␥ bc = 0, we have D bc,bc n = 0 and the condition Eq. ͑55͒ that involves ␤ a does not apply. An analysis of these conditions is given in Appendix B.
The two conditions allow us to neglect ͉M ac ͉͑͒ and ͉M bc ͉ in Eq. ͑52͒ which simplifies to 
͑59͒
which is identical to Eq. ͑53͒, the result using boundary operators. Thus, under appropriate conditions of ͑a͒ negligible populations in the excited levels, ͑b͒ vanishing decoherence between the grounds levels, and ͑c͒ short sample, Eq. ͑35͒ is qualitatively identical to Eq. ͑29͒, i.e., the correlation profile obtained using the boundary operators coincide with that using noise operators. As seen from the solutions Eqs. ͑6͒, ͑7͒, ͑14͒, and ͑15͒ of the coupled parametric oscillator, in general there is no correspondence between the noise part and the boundary part because of the spatially nonlocal noise coefficients and the fundamental distinction between the noise ͑atomic͒ operators and the boundary ͑field͒ operators. Thus, the above correspondence is a unique property of the twophoton Raman-EIT amplifier. The correspondence means that the role of quantum noise can be effectively replaced by the field operators at the boundary. Here the noise operators are not needed for correct qualitative description, and this provide a significant simplification in the calculations involving correlations.
B. Conditions for Re
It is not possible to obtain simple analytical constraints for correspondence from the expressions of ␤ f in Eqs. ͑A7͒ and ͑A8͒. We plot the real and imaginary parts of ␤ s and ␤ a in Fig. 5 . We can identify three resonances for ␤ s at ͑a͒ +⍀ c , ͑b͒ −⍀ c , and ͑c͒ −⌬. There are also three resonances for ␤ a at ͑a͒ −⌬ + ⍀ c , ͑b͒ −⌬ − ⍀ c , and ͑c͒ 0. A closer look at Fig.  5͑b͒ reveals that Re ␤ f are "dispersivelike" while Im ␤ f are "absorptivelike."
For sufficiently large detuning ͉͑⌬͉ տ 30␥ ac ͒ and large field ͑⍀ c տ 10␥ ac ͒, the peaks of the resonances in Fig. 5͑b͒ are mostly less than 0.1. Thus, the magnitudes of Re ␤ a and Im ␤ a are negligible when the control field ⍀ c and detuning ⌬ are sufficiently large even if the decoherence ␥ bc is finite, and it is possible to obtain the correspondence between the results with noise operators and with boundary operators. This is supported by the analysis in Appendix B.
For ␥ bc =0 ͓Fig. 5͑a͔͒, there are sharp peaks around Ӎ 0 in ␤ s . The Re ␤ s goes like ဧ / and Im ␤ s ϳ ␦͑͒. Fortunately, both are highly confined around a very narrow region around Ӎ 0 and fall off rapidly as ͉͉ increases. Actually, for ␥ bc = 0 and = 0, the expressions of ␤ f in Eqs. ͑A7͒ and ͑A8͒ give ␤ s = ⍀ c / ⍀ p * , ␤ a = ⍀ p * / ⍀ c , and ␤ s ␤ a = 1. But this particular point gives no contribution to the integration over . The effects of finite ␥ bc in Fig. 5͑b͒ are ͑a͒ the removal of the narrow peaks and ͑b͒ smaller peaks at resonances. Thus, when ␥ bc =0 ͑no decoherence͒ the correspondence is still possible for the Raman-EIT scheme.
For the parameters ␥ bc Ӎ 0.6␥ ac , ⍀ p = 0.4␥ ac , ⌬ = −7.5␥ ac used in the experiment of Balic et al. ͓2͔, the peaks in Fig.   5͑a͒ are comparable to 1, so ␤ f cannot be neglected. The detuning ⌬ is not large enough to satisfy Eq. ͑50͒ for the Raman-EIT scheme. So, the noise operators are required to obtain agreement with their results, as done in Ref. ͓1͔.
C. Identical fields for Raman-EIT and short sample
At this point, we are ready to proceed from Sec. III E to show the correspondence between Eqs. ͑6͒ and ͑7͒ and Eqs. ͑14͒ and ͑15͒ for the Raman-EIT scheme. Under the conditions that give Re ␤ f ,Im ␤ f Ӷ 1 ͑as discussed in in Sec. V B͒, the commutations Eq. ͑C3͒ simplify to
Thus, Eqs. ͑C4͒ and ͑C5͒ give C s ͑z , ͒ӍC s ͑z , ͒ and the coefficient in Eq. Equation ͑51͒ simplifies the coefficients ͓Eqs. ͑C8͒ and ͑C9͔͒ for the commutation relations Eq. ͑C7͒ to
For ␥ bc = 0, Eq. ͑62͒ gives the coefficient in Eq. ͑25͒ as
As shown in the discussion below Eq. ͑58͒, the dependence in ␣ s ͑͒ is immaterial for the Raman-EIT scheme. Thus C a int becomes effectively like the constant C f in the commutation relation Eq. ͑20͒ for the boundary operators. This shows the correspondence between the noise part ͑N f ͒ of the fields and the boundary operator part ͑B f ͒.
D. Ratio of noise correlation amplitude to boundary correlation amplitude
By comparing g as ͑2͒n and g sa ͑2͒ the results obtained with noise operators only and those obtained with both boundary and noise operators in Figs. 3 and 4, we find that the contribution of the input boundary operators is small compared to the contribution of the noise operators. This can be verified analytically from Eqs. ͑59͒ and ͑53͒, which give the approximate ratio G as ͑2͒n / G as ͑2͒b Ӎ͉ 
and neglecting the Stark shift ␦ a , we find the ratio of the correlation amplitudes of the noise operators to that of the boundary operators for the Raman-EIT scheme as
which is the same as the result using Eqs. ͑59͒ and ͑53͒. By using an amplifier length of 1 mm, ϳ 400 nm, and dilute gas density N ϳ 10 17 m −3 , we find r ϳ 50. This shows that the contribution of the boundary operators is small compared with the noise operators. This can be easily understood from the fact that the noise operators account for the quantum fluctuations in the entire medium while the boundary operators include only the quantum fluctuations at the input boundary. Equations ͑35͒-͑44͒ imply that the amplified quantum fluctuations contribute to the two-photon correlation via the diffusion coefficients. This shows the importance of the atom-fields fluctuations to the nonclassical two-photon correlations.
It is interesting to note that if a shorter transition wavelength ͑such as ultraviolet͒ were used in the atomic scheme, r ϳ 1 and the terms due to the boundary operators would be significant. Here, we have considered the propagation along the z axis in a thin cylindrical medium with Fresnel number F = A / L Շ 1, where the transverse effects such as diffraction can be neglected.
VI. DISCUSSIONS
Noise vs. no noise. In Fig. 2 , we compare the correlations for ͑i͒ single atom ͓16͔, ͑ii͒ without noise operators ͑from Sec. IV B͒, and ͑iii͒ with noise operators only ͑from Sec. IV C͒. For an optically thin sample and in the absence of decoherence ␥ bc , the results for the three cases are in good qualitative agreement. However, quantitative agreement ͑in normalized g as ͑2͒ ͒ is obtained when ⍀ c is sufficiently large ͑also see Fig. 3͒ . When ␥ bc is finite, the results with and without noise do not agree, especially when ⍀ c is small. Since the noise part ͑and not the boundary part͒ gives the antibunching, here, we may say that the quantum fluctuations of the atomic ensembles are responsible for the nonclassical effect of antibunching. Also, qualitative agreement is obtained only for sufficiently large ⍀ c . A similar trend is found in an optically thick sample ͑see Figs. 3 and 4͒.
Physics behind boundary and noise operators. The boundary operators Ê f ͑0,͒ are characterized by the quantum fluctuations of vacuum fields at the input boundary of the medium, while the noise operators F x are determined by the quantum fluctuations of atoms and vacuum fields in the entire medium. The source of fluctuations in the medium is not simply vacuum noise of the form ͚ k g k j â k ͑0͒e ik·r e −i k t but also characterized largely by a combined vacuum noise ͓via â k ͑0͔͒ and atomic noise ͓via xy ͑0͔͒ associated with the atomic populations and decoherences. Thus, for sufficiently large optical density the effects of F x would become important and the correlation at the output medium may differ substantially from that of a thin medium or single atom case.
Fluctuation-dissipation and vacuum fluctuations. When one goes through the derivation of the quantum Langevin equations, one sees that they contain atomic fluctuations ͑via the noise operators͒ and dissipations ͑via decay rates and decoherences͒ due to the vacuum fluctuations of the fields. The noise parts N f contain fluctuations and dissipations of the atoms, but the boundary parts B f describe only atomic dissipations ͑via f g ͒ and vacuum fluctuations. Thus, there is no question that both are complementary and necessary to provide the ultimate truthful description. One might argue that the theory without noise is inconsistent with the fluctuation-dissipation theorem and therefore would never yield the correct result. Whenever the boundary operators give results that agree qualitatively with the noise operators, they provide the same underlying physics to the correlation as the quantum noise. Here, the semiclassical theory with only boundary parts is a sufficient substitute to the noise parts N f which can be neglected. However, this does not mean that there are no fluctuations which always accompany dissipations, in accordance with the fluctuation-dissipation theorem. In other words, sufficient physics can be obtained without the noise operators when the atomic fluctuations in the medium and the vacuum fluctuations give essentially the same effects to the correlation, as in the case of zero decoherence ␥ bc = 0, large ⍀ c , and small optical density ͑NL Ӷ 1͒.
Semiclassical or quantum. In the commutation relation ͑20͒ for the input boundary operators, note that quantum mechanics enters through ប in C f and quantum electrodynamics ͑QED͒ via the bosonic commutation relation. Therefore, the solutions of the boundary parts alone can be considered as a QED theory instead of a semiclassical theory. However, the boundary parts describe only the quantum fluctuations of the vacuum fields ͑in the absence of external inputs͒ and not the fluctuations in the atomic medium. Thus, solutions based on the boundary parts alone are incomplete QED theory.
Effects of decoherence ␥ bc . Unlike the coherences with dipole-allowed transitions ␥ ac , ␥ dc , ␥ ab , ␥ db , and ␥ ad , the origin of the decoherence ␥ bc is not due to dissipation. But it contributes to the atom-field fluctuations and therefore, can significantly affect the correspondence between the correlations with the boundary operators and those with the noise operators.
The decoherence ␥ bc and ⍀ c have opposite effects on the correlation. When the atoms are transferred to level b, they need to be pumped to level a fast enough by ⍀ c before they are decohered by ␥ bc . This explains the smaller correlation for finite ␥ bc and the larger correlation for larger ⍀ c in Fig. 2 . Thus, a large control field would minimize the effects of atomic fluctuations via ␥ bc and consequently dwarfs the distinctions between the fluctuations of the vacuum fields and the atom fields in the medium. Decoherence ␥ bc also tends to reduce the correlation time between the Stokes and antiStokes ͑Figs. 2-4͒, as well as the maximum signals generated via parametric process, i.e., coherent Raman scattering ͓Figs. 6͑c͒ and 6͑d͔͒. When the pump and control fields are for forward geometry. ͑a͒ Small optical density NL = 1 and without decoherence ␥ bc =0. ͑b͒ Small optical density and with decoherence. ͑c͒ Large optical density and without decoherence. ͑d͒ Large optical density and with decoherence. Other parameters are ⌬ = −7.5␥ ac and ⍀ p = 0.4␥ ac . The intensities without noise operators give quite good qualitative results for zero decoherence even if the optical density is large. For small optical density, the intensities increase rapidly with control field but saturate at a small field. In contrast, for large optical density the intensities drop rapidly before saturation. The onset of saturation is larger when ␥ bc is finite.
comparable ͓Fig. 6͔, the amplified quantum fields become classically correlated ͑bunching͒ in the presence of decoherence ␥ bc . For sufficiently large optical density, the antibunching dip apears at a finite . This is due to the appreciable EIT group delay of the anti-stokes when the control field is weak. Effects of larger dipole moment. In Fig. 3 , the parameters are for 87 Rb which give a larger transition dipole moment than in Fig. 2 . This gives the larger coupling strengths g s , g a , and optical thickness NL = ͉ဧ ac ͉ 2 a បc o ␥ ac NL = ͑2g s s ͒L / ␥ ac . The increment of ͉ဧ ac ͉ has the same effect as NL except that it changes quadratically. The effects are: ͑1͒ larger finite correlation at = 0 and ͑2͒ smaller correlation time. For a single particle, g as ͑2͒ would be zero at = 0. The finite correlation at = 0 is a feature in common with the resonance fluorescence process of more than one atom ͓17͔. By comparing Figs. 2 and 4 for g as ͑2͒ , we see that the larger dipole moment of 87 Rb leads to a smaller antibunching slope at = 0, which is also accompanied by a larger value of g as ͑2͒ ͑ =0͒ and a smaller peak of g as ͑2͒ .
Reverse correlation. The finite value of the reverse correlation g sa ͑2͒ in Fig. 4 is a propagation effect of the extended medium. When ⍀ c is large, anti-Stokes photons are generated shortly after the emission of Stokes photons. The antiStokes photons are correlated to the Stokes instead of otherwise, so g sa ͑2͒ is negligible as shown in Fig. 3 .
In extended medium, the anti-Stokes photons may build up ͑to some extent͒ into a weak quasicoherent field, referred to as ⍀ a . When ⍀ c is small, it creates ͑together with ⍀ a ͒ a small coherence bc which is driven by the pump field to produce the Stokes photons. Here, the Stokes follow the antiStokes, giving a finite value of g sa ͑2͒ . For ⍀ c Ͻ⍀ p , the g sa
͑2͒
shows antibunching with the period of oscillations about sa ϳ 2 / ͉⌬͉. A dramatic result is found in Fig. 6 for optically thick medium. Here, the reverse correlation with the boundary operators and with the noise operators show distinct contradictory features; antibunching and bunching, respectively. This is the best situaltion for experimental test of the role of noise operators. We also observe that a larger g sa ͑2͒ is accompanied by a smaller g as ͑2͒ and vice-versa. The reverse correlation in Fig. 4 should not be taken too seriously because of the small values. For weak control field in Fig. 6 , the noise correlation becomes bunching when the optical density increases.
Variations with control field. When ⍀ c is weaker than ⍀ p the profile of g as ͑2͒ is dominated by exponentially varying functions instead of oscillations ͑Fig. 4͒, but antibunching remains. As the control field increases ͓compare Figs. 2͑a͒ and 2͑b͔͒, the nonclassical correlation continues to increase even though the individual Stokes and anti-Stokes intensities become saturated. For ␥ bc = 0, the onset of saturation is determined by the pump, i.e., ⍀ c sat ϳ ⍀ p = 0.4␥ ac ͓Figs. 6͑a͒ and 6͑c͔͒. The ⍀ c sat increases in the presence of decoherence ͓Figs. 6͑b͒ and 6͑d͔͒. This saturation is due to the fact that the intensity of the anti-Stokes is limited by the population in level b, which is limited by the weak and largely detuned pump. The intensity of the Stokes is also saturated since it is determined by the coherence bc produced by the control field and the anti-Stokes field.
For large optical density and ␥ bc =0 ͓Figs. 6͑c͔͒, both fields are amplified to a maximum far above the saturation level when ⍀ c ϳ ⍀ p / 2 and fall off rapidly to a saturated level. This interesting effect is well known and can be used as a switch.
As expected for zero decoherence ␥ bc = 0, the intensities obtained from the boundary operators are qualitatively correct ͓Figs. 6͑a͒ and 6͑c͔͒. In the presence of decoherence ͓Figs. 6͑b͒ and 6͑d͔͒ the results without noise operators give no agreement, especially for optically thick medium. Here, the Stokes is amplified only moderately above the saturation level while the anti-Stokes hardly rises beyond the saturation level. The decoherence ␥ bc reduces the contribution of the four-wave mixing process to the fields.
VII. CONCLUSIONS
We have compared the two-photon correlations obtained using the boundary operators with those using the noise operators. Under certain conditions, the results obtained by neglecting the noise operators can be justified even though this is not valid in general. It is found that the cross correlation obtained with and without noise operators are qualitatively identical only when the optical density is small NL Ͻ 1 and decoherence ␥ bc = 0 for forward and backward geometries. This correspondence is a unique property of the parametric amplifier with certain conditions, particularly for the spontaneous Raman-EIT scheme. The correspondence also exists when the decoherence is finite ␥ bc 0 provided the control field ⍀ c is large. We obtained the ratio G with noise
͑2͒
/ G no noise
͑2͒ ϳ͑N
2 L͒ 2 in the absence of external input quantum fields, which shows that the contribution of quantum noise in the medium to the correlation is much larger than the contribution of the vacuum noise via the boundary input operators. We discussed the physics represented by the boundary operators and the noise operators that are useful to explain the correspondence and understand the role of noise operators in connection with the fluctuation-dissipation theorem. We also compared the results with and without the noise operators for the reverse correlation, and the intensities of the Stokes and anti-Stokes fields.
Note added. Recently, a nice paper appeared which includes the noise operators to describe the correlations in the optical fiber ͓18͔.
